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Abstract
The detection of single molecules has facilitated
many advances in life- and material-sciences.
Commonly, it founds on the fluorescence detection
of single molecules, which are for example attached
to the structures under study. For fluorescence
microscopy and sensing the crucial parameters are
the collection and detection efficiency, such that
photons can be discriminated with low background
from a labeled sample. Here we show a scheme for
filtering the excitation light in the optical detection
of single stranded labeled DNA molecules. We use
the narrow-band filtering properties of a hot atomic
vapor to filter the excitation light from the emitted
fluorescence of a single emitter. The choice of
atomic sodium allows for the use of fluorescent
dyes, which are common in life-science. This
scheme enables efficient photon detection, and a
statistical analysis proves an enhancement of the
optical signal of more than 15% in a confocal and
in a wide-field configuration.
Keywords: DNA Detection; Fluorescence
Microscopy; Single Molecules; Atomic Filtering;
Sodium Spectroscopy
Introduction
The optical detection of single molecules [1–3] has
facilitated important progress in various fields of re-
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search. Especially in microbiology the detection, lo-
calization and tracking of tagged biomolecules [4–6]
or other relevant structures like DNA molecules [7–
10] support the deep insights into the underlying com-
position and functionality of living cells. Commonly,
the red-shifted fluorescence of single molecule labels is
detected. The number and the emission rate of pho-
tons is commonly limited by various factors: The ra-
diative decay rate of the emitter, its non-radiative de-
cay channels, the extraction efficiency of light out of
the sample under study, and the collection and detec-
tion efficiency of the utilized microscope. Under ambi-
ent conditions the overall number of extractable pho-
tons of organic fluorophors is limited, since a prob-
abilistic photo-bleaching [11] event stops any further
data-acquisition. All interesting parameters, such as
the localization accuracy, are limited due to the finite
number of detected photons. This occurs usually in
a shot-noise fashion, which scales as 1/
√
N , where N
is the number of detected photons. From a technical
standpoint mainly two key parameters can be opti-
mized: The brightness of the probe used as a tag can
be higher, or the collection [12] and detection efficiency
of the microscope is enhanced.
In the last decade there have been many efforts to op-
timize both experimental parameters. Various experi-
ments with defect centers in diamond [13, 14] and semi-
conductor nano-crystals [15] with suppressed photo-
bleaching were performed [16]. Other attempts have
been established to increase the extraction efficiency
out of the structure under study [12, 17]. Addition-
ally, the detectors have been continuously improved,
such that nowadays avalanche photon diodes (APDs)
exhibit more than 70%, and sensitive CCD-cameras
more than 95% quantum efficiency. Another way to en-
hance the overall detection efficiency for single emitters
is an optimized filtering scheme, since the red-shifted
fluorescence is detected. An ideal filter solely blocks
the excitation light which is elastically scattered by
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the sample, and transmits all Stokes-shifted photons.
The edge-steepness should be ideally a step-function,
but is often limited by technical imperfections in usual
dichroic mirrors and filters.
Also hot atomic vapors can allow for optical filter-
ing. These are generally easy to handle in evacuated
glass reference cells. This is an evacuated glass cylinder
with optical windows, in which a small amount of alkali
metals (hundreds of milligram) is present. Such cells
can exhibit a large optical depth, and simultaneously
ensure a few GHz spectral width. The optical rejection
founds on Beer-Lamberts law and is further a function
of the vapor density, which rises approximately expo-
nentially with temperature. The spectral width is to a
first approximation given by the Doppler broadening of
an atomic vapor, in the range of a few GHz at ambient
conditions up to a few hundred degree centigrade [18].
In atom optics experiments such filtering schemes are
common and have been quantified for different alkali
metals like rubidium [19, 20]. One common use is to
filter the emission of one isotope of rubidium with an-
other, an application which is commonly implemented
in atomic clocks [21]. These filters are also suitable for
other applications like Raman spectroscopy [22–25],
and are intrinsically matched to atomic transitions.
Here we present the detection of single fluoresc-
ing molecules in a confocal [26] and a wide-field mi-
croscope [27]. We compare the filtering scheme be-
tween a high-end commercial filter and hot atomic
sodium vapor. Unlike other atomic filters, this atom
selection matches the visible range of many common
dye systems which are used for biological labeling.
The molecules under study are single stranded DNA
molecules, labeled with a commonly used fluorescence
dye (ATTO 590). Both microscopic schemes, confocal
and wide-field, have their specific advantages and dis-
advantages. We are able to show that filtering with
atomic vapor is able to facilitate an enhanced detec-
tion of the fluorescence which originates from a single
molecule. Initial steps of such a study were presented
for single molecules under cryogenic conditions ear-
lier [28].
Experimental Configuration
The experimental configuration consists of a com-
bined confocal and wide-field microscope (Fig. 1a, b).
Both experimental configurations are described below.
Filtering is performed either with a commercial filter
or with an atomic vapor cell.
Excitation Laser
The excitation laser is a dye ring laser (699-21, Coher-
ent), which can be locked to a sodium transition. The
lock-signal is provided by Doppler-free dichroic atomic
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Figure 1 a) single stranded DNA under study, labeled at the
5’-end with the organic dye “Atto590”. b) Confocal and
wide-field microscope. The filter configuration can be changed
in approx. 1 sec. WF=wide-field configuration;
APD=avalanche photo diode; LP-filter=long-pass filter;
CCD=charged coupled device, camera; c) laser emission and
filter function of the commercial long pass filter. OD=optical
density; d) laser and filter function of the atomic vapor cell at
200◦C. The block band is approx. 6 GHz broad and shows an
optical rejection of more than 6 orders of magnitude
(measured). The calculated optical density is much higher
(OD 100).
vapor laser lock (DAVLL, see e.g. [29]) with a 140◦C
hot sodium vapor cell. For optimal optical rejection,
the laser is locked to the D2-line cross-over resonance,
midways between the two F = 1 and F = 2 ground
states of the D2 line (see Fig. 1d). This represents for
further filtering purposes a preferred point, since both
optical transitions add up due to their Doppler broad-
ening. This zero-point does not represent the “center
of gravity” of the unshifted sodium transition. The
lock-signal is robust against external influences such
as mechanical noise on the laser table. The dispersive
lock signal is depicted in Fig. 1d. For the rare case
the laser jumps out of lock, the signal is monitored
with the help of the pass-fail output of an oscilloscope
(LeCroy). This controlled an optical shutter and blocks
the laser if required to prevent damaging of the used
single photon detector. From the dye laser a 20 m long
optical single mode glass fiber guides the laser beam
to the setup. The light is then filtered with a narrow-
band band-pass filter (589±0.2 nm, Omega Optical),
to suppress fiber fluorescence or background due to the
broad-band fluorescence of the dye laser itself.
The base of the microscope is built around a commer-
cial inverted microscope (Olympus IX71). It is used in
both, a confocal, or a wide-field configuration.
Confocal Microscope
For the confocal configuration, the collimated beam
(diameter: 4.8 mm) is reflected into the microscope
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via a quartz wedge (10% reflectivity). This is not re-
alized by a commonly used dichroic beam-splitter to
avoid additional spectral cut-off of the detected fluo-
rescence signal. The light is focused onto and collected
from the sample with a 100×, 1.3 NA microscope ob-
jective (UPLANFL, Olympus). Detection is performed
by focusing the resulting light onto a 50 µm pinhole.
From there, the light is again 1:1 collimated and passes
the filter configuration under study. The light is then
focused onto a single photon counting module (SPCM-
AQR-14, Excelitas). Addressing different locations on
the sample and focusing is realized by sample scanning
with a 3D-piezo actuator (P527.3CL, Physik Instru-
mente). For sample scanning, a pixel size of 100 nm
was used. Typical integration times per pixel were
10 ms. The entire detection scheme is carefully opti-
cally shielded from the environment and in more detail
discussed below.
To acquire single molecule spectra, a flip-mirror is
introduced into the confocal configuration to guide the
light from the single photon detector to a cooled CCD
spectrometer (Princeton Instruments, Acton, 300 mm,
camera: “Pixis”). An acquisition time of 30 sec. is used.
Wide-field Microscope
In further experiments the configuration is changed
to a wide-field microscope. The incident light is then
focused into the back-focal plane of the microscope ob-
jective. This is checked by observing a collimated beam
above the microscope. Due to the extension of the mi-
croscope enclosure, this focusing is not performed by a
single lens, but with a pair of a 100 mm and a 50 mm
achromatic lens. The illuminated area on the sample is
about 25 µm in diameter. For imaging, a cooled CCD
camera is used (Photometrics Cascade 512B) with a
pixel size of 16×16 µm2 and 512×512 pixels. Focusing
on this camera is performed with a 250 mm achro-
matic lens, such that a single pixel had an extension
of 115×115 nm2 on the sample. A common acquisition
was performed with an exposure time of 10 sec and
with no further internal gain.
The Sample
The single stranded deoxyribonucleic acid (DNA) un-
der study consists of 10 bases (5’-TTTTTTTTTT, see
also Fig. 1a) and is labeled on the 5’-end with Atto-590
(Thermo Scientific). This dye has been chosen to be a
common dye label in micro-biology and the spectral
match to atomic sodium vapor. The sample is pro-
duced by dissolving and diluting the dried DNA in
sterile water. An aqueous polyvinyl alcohol (PVA) so-
lution (3 mg/ml) is mixed to the DNA solution un-
til a relative DNA concentration of 1:1014-1:1015 is
reached. The solution is then spin-coated onto clean
cover slides. For the presented experiments a concen-
tration of 1:1015 has been used, since single molecules
are separated by several µm, whereas the 1:1014 di-
luted sample shows a too dense concentration for auto-
matic peak-find routines. The thickness of the sample
has been calculated based on the assumed concentra-
tions and is below one µm.
To ensure that the performed experiments are on
the single molecule level, the typical blinking behav-
ior of single molecules is confirmed in the wide-field
configuration with millisecond integration times. Com-
plementary, a recording of a confocally detected single
molecule is shown in Fig. 2b. The single step bleach-
ing around t=500 sec indicates that a single molecule
was observed. This furthermore gives a reference for
the possible acquisition times. Note, that no telegraph
function or triplet blinking can be observed due to the
long integration time.
Filtering the Excitation Light
The optical filtering from the microscope is performed
with two possible filter configurations: a commercial
filter and an atomic sodium vapor cell.
The commercial filter (Semrock, FF01-593/LP-25)
represents a very good choice for the excitation light
and exhibits around 97% transmission in its pass-band.
A spectrum of the filter was recorded in a commercial
absorption spectrometer (Perkin-Elmer, Lambda 16)
and is depicted in Fig. 1c and 2c. Please note, that
this is a linear representation, and the 50% point is
observed around 600 nm. This implies that the optical
rejection of six to seven orders of magnitude will be
only efficient around 594 nm or shorter. Since the filter
is usable for 593 nm, it is likely possible to slightly
tilt the filter for a blue shifted spectrum, closer to the
excitation laser. By this, also the transmission of the
filter might be altered, and therefore this option was
not pursued.
Alternatively, the excitation light, scattered and re-
flected from the sample, is blocked solely by a hot
atomic vapor cell. A simple calculation [18] of the
six D2 transitions (3
2S1/2 → 32P3/2, three from each
ground state) allows to estimate the optical density for
the 100 mm long cell (30 mm diameter) as a function of
the temperature (Fig. 2d). This is an idealized picture,
since any forward scattering, non-linear or saturation
effects are not accounted for. Furthermore, the laser
has to represent a delta-peak, locked to the cross-over
resonance of the sodium D2-line. The D2-line is gener-
ally preferred for filtering, due to its by factor of two
higher oscillator strength. Nevertheless, we measure a
suppression of better than 6 orders of magnitude with
the filter at a temperature of about 200◦C. This is the
operation temperature of the filter for all further ex-
periments. The measured filter function of the sodium
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vapor is depicted in Fig. 1d. The optical density of
about 100 represents the calculated value.
Atomic sodium tends to diffuse into usual boro-
silicate glass and darken the windows. Therefore, the
cells were produced out of quartz glass. Other meth-
ods, such as special glasses, allow for a suppression of
this darkening effect [30, 31]. For filtering purposes, a
cell with anti-reflection coated windows was obtained
(Triad technologies, Longmont, Colorado). Although
unspecified, the supplied coating works well up to
200◦C, and has superior transmission than the quartz
glass alone. A different batch of cells was produced
in house, but without the anti-reflection coating. The
transmission spectra of the used cells, and the com-
mercial filter is shown in Fig. 2c. With the resolution
of the utilized absorption spectrometer, the GHz-wide
suppression of the sodium light is not observed.
To directly compare the two filter configurations in
the microscope, both filters are mounted onto a small
optical bread board, which slides on rails on the op-
tical table. The filter configuration can therefore be
switched within less than a second back and forth. The
area between the filters was filled with an opaque ma-
terial, such that the filter configuration can be changed
during a running experiment when all detectors are on.
Furthermore, the entire setup was optically shielded
inside a black cardboard box. To ensure a well defined
convection of air inside the box, it was designed such
that a laminar flow was realized from bottom to top
by small holes at the bottom.
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Figure 2 a) Normalized emission spectra of the dye Atto590
under illumination with laser light at 589 nm, filtered solely
with a hot (200◦C) atomic vapor cell. Purple: Same spectrum,
filtered with the commercial long-pass filter. The integral
enhancement between atomic and the commercial filter is
15.5%. LP-filter=long-pass filter. b) Single step bleaching of
individual molecules proves the single emitter nature. c)
Transmission curves of the filter and different atomic vapor
cells. d) Calculated optical density of the filter (100 mm
optical length) against temperature.
Results
Acquired spectra
We first compare the different spectra, acquired from
a single molecule in both filter configurations. When
a single molecule was identified in the confocal micro-
scope, the spectrometer was introduced and a spec-
trum was acquired. Fig. 2a shows the single molecule
spectra in both filter configurations. The filtering with
the atomic vapor shows the entire spectrum of the sin-
gle molecule as it would be excited with a more blue
wavelength. On the other hand, we find the spectrum
acquired with the commercial 593 nm long-pass fil-
ter rising at around 600 nm. Interestingly, the spec-
trum acquired with the atomic filter shows contribu-
tions which are lower in wavelength than the excitation
light. On a first sight, this violates energy conservation,
but likely the more blue components are introduced
by anti-Stokes processes. Furthermore, compared to
the original spectrum, provided by the dye producer,
we find the single molecule spectrum to be spectrally
shifted to the blue part of the spectrum by about 5 nm.
This is not untypical for organic dyes that the fluo-
rescent properties critically depend on their chemical
environment [32, 33].
When the quantum efficiency of the single photon
detector is assumed as a fixed value in the range of
570-700 nm, we can directly compare the integral con-
tribution of the dye spectra as proportional to the de-
tected signal on a photo detector. By a simple inte-
gration, we find a higher signal with atomic filtering
of about 15.5%. This should be the effective enhance-
ment of the single molecule signal on a detector when
the atomic filtering is introduced.
The sodium vapor filter not only increases the overall
signal from the molecule under study, but also intro-
duced a higher laser background. Although the optical
rejection is calculated to be much higher than with the
commercial filter, we find an about 20 times increased
laser background. There are two explanations for this
finding: a) the filter does not have such a high rejection
due to non-linearities or saturation effects. Or, b), the
contribution of scattered and spectrally shifted light
around the laser wavelength is larger than which is ob-
served with a commercial filter. To address this prob-
lem, we performed simple measurements of the atomic
filter with directly from the microscope reflected laser
light. This resulted in a measured optical rejection of
more than 6 orders of magnitude. If these measure-
ments were performed far below the saturation inten-
sity (9.4 mW/cm2), we would be unable to determine
the optical rejection of the filter due to the weak sig-
nal. Generally, the weak laser background contribution
is not relevant for the acquisition of single molecule
signals, since this simply adds a linear background.
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If laser power fluctuations can be circumvented, the
signal to background (SBR) ratio is affected, but not
necessarily the strength of the molecular signal on the
background. In such a case, the background contribu-
tion can be simply subtracted.
Data Analysis
For the confocal and the wide-field imaging, data pro-
cessing was performed as follows: Since the main goal
was to compare the two filter configurations, an image
with each filter was acquired with the exact same set-
tings (excitation intensity, acquisition time, etc.). Both
images were acquired directly after each other. It was
furthermore ensured, that not only one filter configu-
ration was acquired first, but usually a sequence of the
commercial filter, the atomic filter, and the commercial
filter again. This procedure ensures that photobleach-
ing, which can only occur in the second of two acquired
images, does not lead to a systematic error. Then, the
two corresponding images were processed by an auto-
mated peak-find routine to identify the molecules. If
one peak was laterally found within the same position
(± 3 pixel) in both images, they were considered as the
same molecule. A lateral shift of the images between
the both filter configurations was not observed. Each
peak was then least-square fitted with a 2D-Gaussian
(symmetric in x and y) and the integral area below
the curve, background level, and the lateral width were
determined. This procedure results in two histograms
(not shown), where the intensity values for all acquired
molecules are listed. Further, the derived values are
compared. For the integral area, i.e. the emitted in-
tensity from the molecule, we find a rise at a certain
minimal power, which corresponds to the threshold-
parameter of the peak-find routine.
This histogram might principally be used to char-
acterize the enhancement (or suppression) of the de-
tected light intensity by using the atomic filter cell.
Unfortunately, the direct comparison would be mis-
leading, if any parameters changed between the ac-
quisition of different pairs of images. Therefore, each
pair of molecules was directly analyzed in both filter
configurations. The fitted integral amplitude was com-
pared only between one molecule in both filter config-
urations at a time. Since the molecules tend to bleach
and blink at ambient conditions, this required a statis-
tical analysis. It is evident that each molecule can be
found brighter or dimmer within a certain acquisition
time.
To estimate the background and its fluctuation,
all images were analysed for their background level
and fluctuations in an area where no molecules were
present. Due to the fact that we can analyze many
more molecules than images, the statistical fluctua-
tion of this analysis is higher. With this data, a his-
togram with signal to background (SBR) and signal to
noise ratios (SNRs) can be determined. This calcula-
tion was simplified and the ratio is simply calculated as
the ratio of the average signal height to the standard
deviation of the background without any molecules.
The fluctuation on the molecules emission signal was
not accounted for. All non-fluctuating background con-
tribution can be simply subtracted from the original
data. The analysis presented below is always a statisti-
cal comparison between both filter configurations and
many co-localized single molecules.
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Figure 3 a) Confocal image of the sample, filtering with the
atomic vapor cell (T=200◦C). Pixel size is 100 nm.
Integration time per pixel 10 ms. b) same with filtering by the
commercial filter c) Line-cut of single molecules emission
extracted from the above image (yellow dashed line).
Now we turn to the confocal configuration of the mi-
croscope. Initially, the experimental configuration was
differently set up than shown in Fig. 1b, and the filter
configuration was placed between the microscope and
the pinhole. Due to thermal scintillation of hot air,
which originated from the hot vapor cell, this led to
severe power fluctuations in acquiring single molecule
signals with the atomic filter. Any scintillation affects
the collimated beam and the image on the pinhole
wanders, respectively blurs out. The observed power
fluctuations are on the order of one magnitude under
these conditions. Therefore, the confocal configuration
was changed and the atomic filter was placed between
the pinhole and the single photon detector. This con-
figuration is also described in [25]. To estimate the
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fluctuation of the wandering beam, we placed a cam-
era at the location of the avalanche photo diode. At
high speed (10 ms), a 71µm spot size (1/e2) is ob-
served, as if no thermal fluctuations are present. With
an integration over 60 sec., a spot size of 82µm is ob-
served. The particular configuration of the vapor cell
behind the pinhole does not reduce the spatial resolu-
tion compared to the commercial filter. For the vapor
cell we see a comparable spatial resolution of 291 nm
compared to 294 nm with the commercial filter.
A raw confocal image of the single molecule sam-
ple in both filter configurations is shown in Fig. 3a
and b. Single step bleaching of a molecule is observed
in the commercial filter configuration (x, y=4,8.5 µm).
Visually, both images are comparable, but a higher
background contribution is observed in atomic filtering
around 15 kcps vs. very stable 2 kcps with the com-
mercial filter. Furthermore, the noise level is affected,
and the background fluctuation is increased by a factor
of 15 with the atomic filter. Subsequently, we estimate
the signal to noise ratio to be by an order of magnitute
larger with the commercial filter (SNR=800!). This is
differently than what has been observed in the exper-
iments under cryogenic conditions [28]. The increased
power levels at ambient conditions (µW instead of nW)
seem to have an influence on the signal to noise ratio.
It underlines the hypothesis, that saturation effects in
the vapor are diminishing the filter performance.
The line cuts shown in Fig. 3c illustrate the back-
ground level. The image background acquired with
atomic filtering is higher by a factor of about 7-8 based
on a laser-power of 1 µW into the microscope. This is
fully consistent with the measurements of the optical
density. The commercial filter shows an optical density
of about seven, whereas the filter cell was determined
to show only six orders of magnitude optical suppres-
sion.
In an statistical analysis of 963 molecules, when each
molecule is compared in both filter configurations, we
see an enhancement in the overall detected counts per
emitter of 15.4%. Fig. 5a shows a histogram for all
recorded molecules. The statistical error defined as
σ/
√
N , is 1.5%. The atomic filter therefore increases
the number of collected photons, but unfortunately
the background suppression is one order of magnitude
smaller for the vapor cell to the commercial filter.
Wide-field Imaging
In the wide-field experiment no pinhole is introduced
in contrast to the confocal setup. According to that,
clipping of a wandering beam is not critical. Instead,
convection of hot air originating from the vapor cell
leads to a shifted or blurred image. In fact, the image is
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Figure 4 a) Wide-field image of the DNA sample, atomic
filtering (T=200◦C). Acquisition time per frame 10 s. b) same
with filtering by the commercial filter. c) line-cut of a single
molecule (yellow dashed line). Due to the wide-field
configuration and the scintillation, the lateral extension of the
molecules tend to be larger than in the confocal case.
found slightly blurred, and, in addition, the lateral ex-
tension of the molecules is not diffraction limited any-
more. The mean width of the fluorescence molecules
for the atomic cell is 427 nm and for the commercial
filter 365 nm. In both cases the statistical error is more
than two orders of magnitude smaller. The resolution
is clearly reduced against the confocal configuration.
As in the confocal case, the images look comparable
between the two filter configurations (Fig. 4a and b).
The background contribution in the atomic filter case
is increased, but not as significant as in the confocal
configuration. In an analysis of all acquired images,
the mean background contribution is increased by 30%
from 70 to 100 cps. This increase is also visible in the
line-cut shown in Fig. 4c.
Wide-field imaging shows further an only slightly
higher background fluctuation, which is likely caused
by a limited depth selection of the objective focal
plane. As for the integrated signal, an enhancement of
18.7% with a standard deviation of σ = 28.4% is ob-
served. Taking 2337 measured molecules into account,
this leads to a statistical uncertainty of 0.6%. The noise
level of the commercial filter and sodium filter is de-
termined to 30 vs. 40 photon per seconds, based on a
laser excitation of 50 µW into the microscope. The in-
creased noise of the atomic filter automatically lowers
the SNR. However, the higher signal not only compen-
sates this drawback, but increases the SNR. We find an
SNR of 60 for the atomic filtering vs. 31 with the com-
mercial filter. The intrinsic noise level of the camera is
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one order of magnitude less and does not play a role
here. In summary, we achieve an increased signal, as
well as an increased signal to noise ratio for wide-field
imaging with the atomic filter configuration.
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Figure 5 Direct comparison of the enhancement of multiple
molecules in the different filter configurations. Molecules tend
to blink and bleach, such that statistical data processing is
necessary. a) 963 molecules, detected in a confocal
configuration. The signal for the atomic notch filter is
improved by about 15% for the atomic notch filter.
N=number of molecules. b) 2337 molecules, detected in a
wide-field microscope. The enhancement is shown to be about
18%. The statistical distribution of the enhancement is wider
than in the confocal case due to the generally lower SNR than
in the confocal configuration.
Overall Enhancement
Fig. 5 shows a histogram of the determined integrated
count rates by the commercial and the atomic filtering
schemes. Molecules tend to blink and bleach, and it is
possible that a molecule was fully bright in one image
and much dimmer in the corresponding image, which
have been acquired with the other filter. The higher
fluctuation on the camera (wandering image) leads to
an increased spread of the resulting count rate. There-
fore, a much wider distribution than in the confocal
case is observed. Another important factor is the sig-
nal to noise ratio (SNR) in the analyzed image. When
e.g. the background noise in the image is higher, the
resulting fit outcome for a single molecule signal shows
higher fluctuations. Thereby, Fig. 5 does not only rep-
resent the overall enhancement of the signal, but also
represents the SNR.
In summary, the confocal images show a lower SNR
and SBR for an image acquisition with an atomic va-
por cell. But the lateral spread of the molecules is not
changing, and we find an enhancement in the number
detected photons of 15.4±1.5 %.
The wide-field images show a comparable SBR. For
wide-field applications the vapor-cell filter exhibits a
better performance than the commercial filter of about
18 ±0.6% for the signal and a by factor two increased
SNR.
The atomic filtering results in an enhancement of de-
tectable photons on the order of 15% in both configu-
rations. This is fully consistent with the acquisition of
the single molecule spectra as shown in Fig. 2a, which
also showed an enhancement of approximately 15%.
Conclusion and Outlook
An experimental alternative to dichroic filters or com-
mercial notch filters was presented. It allows for studies
on low fluorescing samples down to the single molecule
level. The enhancement of about 15% in the detected
photon number can be a crucial enhancement for mi-
croscopy and sensing. The increased background fluc-
tuations in the confocal case need to be addressed,
eventually with a widened beam to lower the inten-
sity inside the vapor cell. Also the use of a Fabry-
Pe´rot cavity to clean up the excitation beam from
the fiber auto-fluorescent should be used. In Raman
spectroscopy atom-based narrow-band filters were ex-
plored in the near-infrared part of the spectrum [25],
but such experiments were not performed with atomic
sodium and yellow light. We underline that the intro-
duced filter matches well to many dyes which are used
in (micro-)biological imaging. So far, only other vapor
cells, such as Cs, Rb, have been used. Such filters can
allow for the sensitive detection also of low-fluorescing
defect centers, such as defects in silicon-carbide [34],
which could be eventually combined e.g. with atomic
rubidium or cesium.
The experimental challenges are not necessarily easy
to solve in a number of micro-biology labs. The intro-
duced filtering option allows for enhancing the overall
collection efficiency, if everything else has been opti-
mized. A convenient complement to this notch filter is
the use of a Faraday anomalous dispersion optical fil-
ter (FADOF), which represents a GHz-wide band-pass
configuration [35, 36]. In the future, especially, when
convenient diode lasers locked to the sodium wave-
length are available, the technique of filtering a sin-
gle molecule experiment by an atomic vapor might be
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giving a small, but crucial enhancement of detection
efficiency, which allows for better sensing and localiza-
tion accuracies in material-science and applications in
micro-biology.
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